Synthesis of phenanthroindolizidine core was efficiently achieved through a pathway involving hetero Diels-Alder reaction of α-allenylchalcogenoketenes, generated in situ by thermal [3, 3] sigmatropic rearrangement of alkynyl propargyl sulfides or selenides, with cyclic imines and the subsequent iodine-assisted photochemical cyclization.
Tylophorine (1) was first isolated as a constituent of Tylophora asthmatica in 1935, and since then, a variety of phenanthro-indolizidine and phenanthroqunolizidine alkaloids, such as antofine (2) , tylocrebrine (3), putative hypoestestatines (4), and cryptopleurine (5) as shown in Scheme 6, were found from the natural sources, such as Onychopetalum amazonicum, Guatteria dielsiana, and Cleistopholis patens. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Especially, it is widely recognized that these compounds possess a variety of biologically important activities, and therefore, a lot of research works have been endeavored for the synthesis of tylophorine (1) and the related derivatives within this several decades. However, these previous procedures commonly required the long-step procedure and the synthetic efficiency was not enough, and especially selective construction of polysubstituted fused-indolizidine core still remains the problem in the synthetic research work on these compounds.
In the course of our research work on the synthesis of chalcogen-containing heteroaromatic compounds by using the reactivity of chalcogenocarbonyl functionalities, we have previously reported a conversion of alkynyl propargyl chalcogenides into quinolizidine and indolizidine rings via α-allenylchalcogenoketenes by using a sequential [3, 3] sigmatropic rearrangement and the subsequent hetero DielsAlder reaction with cyclic imines. [40] [41] [42] [43] [44] [45] These successful results urged us to the new synthesis of polysubstituted fused-indolizidine skeletons, ie, phenanthroindolizine alkaloid cores. It is expected that these target compounds I would be accessible through a combination of in situ generation of α-allenylchalcogenoketenes B, hetero Diels-Alder reaction with cyclic imines, and intramolecular biaryl coupling, and 3 different synthetic strategies for the construction of phenathroindolizidine ring would be proposed as shown in Scheme 1. The synthetic strategy I involves the formation of 2,3-diaryl-4-methylenecyclobutene-1-chalcogenones C and the subsequent intramolecular oxidative biaryl coupling to form phenanthrocyclobutenone derivatives D prior to the hetero Diels-Alder reaction of in situ generated α-allenylchalcogenolketenes B with cyclic imines E, [46] [47] [48] and both synthetic strategies II and III involve hetero Diels-Alder reaction of in situ generated α-allenylchalco-genoketenes B with cyclic imines E forming indolizidine core. In strategy II, the subsequent intramolecular oxidative biaryl coupling of synthetic intermediates G, [49] [50] [51] [52] [53] [54] [55] structurally related to some unfused quinolizidine alkaloids as septicines, [56] [57] [58] [59] is required, and synthetic strategy III requires the hetero Diels-Alder reaction of alkynyl propargyl chalcogenides A bearing a functionalized biphenyl moiety at the R 2 substituent in advance in order to achieve the subsequent photochemical ring closure to form phenanthroindolizidine core I. [60] [61] [62] Especially, we have previously reported the formation of 2,3-disubstituted 4-methylenecyclo-butene-1-chalcogenones through thermal [3, 3] sigmatropic rearrangement of alkynyl propargyl chalcogenides A, and compounds A are expected to behave as novel intermediates of ketenes bearing a conjugation system at the α-position through retro [2 + 2]-type cycloreversion. It is worth noting that trimethylsilyl group at the R 1 substituent is expected to enhance the nucleophilicity of the α-allenyl part of α-allenylchalcogenoketenes B toward imines in addition to the role of stabilization of chalcogenoketenes by introducing a silyl group. [40] [41] [42] [43] [44] [45] In this paper, we report a novel and efficient construction of phenathroindolizidine core by the combination of hetero Diels-Alder strategy of α-allenylchalcogeno-ketenes with cyclic imines and a photochemical ring closure. At first, 3,4-dimethoxybenzaldehyde (7) and piperonal were converted into terminal acetylenes 8 and 9 by using Corey-Fuchs reaction, 63, 64 and 9 was converted into propargyl bromides 12 by using a 2-step procedure: (i) EtMgBr or n-butyllithium, paraformaldehyde; (ii) Ph 3 P-CCl 4 or Ph 3 PCBr 4 . 65, 66 Compound 8 or phenylacetylene (10) was then treated with elemental sulfur and 12 to form alkynyl propargyl sulfides 14a-b bearing 2 aryl moieties at the R 1 and R 2 positions according to our previous reports. [40] [41] [42] [43] [44] [45] On the other hand, a similar treatment of 9 with 12 only gave a complex mixture.
Subsequently, alkynyl propargyl sulfides 14a-b were converted into 4-methylene-2-cyclobutene-1-thiones 15a-b in high yields by heating in hexane and the subsequent S-O exchanging was carried out by treating with m-chloroperbenzoic acid (mCPBA) to afford the corresponding 4-methylene-2-cyclobuten-1-ones 16a-b as shown in Table 1 . However, all attempts for intramolecular oxidative biaryl coupling of compounds 16a-b by using a variety of oxidizing agents, [67] [68] [69] [70] [71] [72] such as FeCl 3 , mCPBA-FeCl 3 , and MnO 2 , resulted in the formation of complex mixtures. Therefore, we must abandon synthetic route I by regarding these unsuccessful results.
On the other hand, alkynyl propargyl chalcogenides 14c-d (X = S) and 17c (X = Se) bearing a trimethylsilyl group at the R 1 position of the alkynyl terminal were prepared from trimethylsilylacetylene, EtMgBr or n-butyllithium, elemental chalcogen (X = S, Se), and a substituted propargyl Scheme 1. Synthetic strategies for phenanthrolindolizidine alkaloid skeleton I via hetero Diels-Alder reaction of in situ generated α-allenylchalcogenoketene intermediates B. Table 2 .
Model compound 19c (R 2 = C 6 H 5 ) was then treated with OsO 4 (cat.) and NaIO 4 by using a general manner, and subsequently, the resulting crude mixture of 1,2-diols 21c was converted into 5,8-dioxoindolizidine 23c by 2-step procedure involving oxidative glycol cleavage using H 5 IO 6 followed by base-induced desilylation of δ-lactam 22c by using anhydrous Na 2 CO 3 powder as shown in Scheme 2. However, all attempts for the introduction of p-methoxyphenyl group to the C-2 position of 23c, involving the use of ArMgBrCuBr-(CH 3 ) 2 S, Ar 2 Zn-Ni(acac) 2 , ArI-Pd(OAc) 2 -Ph 3 P-Et 3 N, and so on, resulted in the recovery of substrate 23c at all, and, therefore, we abandoned the synthetic route 1I which requires the subsequent intramolecular oxidative biaryl coupling of two aryl groups of compound 24 in this case.
In order to realize the synthesis via route III, preparation of propargyl halides bearing a functionalized biphenyl moiety at the acetylenic terminal was necessary prior to the construction of indolizidine skeleton by using hetero Diels-Alder reaction with cyclic imines. Therefore, we chose m-bromoanisole and 2-bromo-4,5-dimethoxybenzaldehyde (25) as starting materials, and these compounds were efficiently converted into propargyl chloride 30 bearing a functionalized biphenyl moiety in several steps involving Suzuki coupling, Corey-Fuchs reaction, 63, 64 hydroxymethylation, and chlorination of propargyl alcohol 29 by using Ph 3 P-CCl 4 . 65, 66 Trimethylsilylacetylene was then treated with n-butyllithium, elemental sulfur or selenium, and propargyl chloride 30 to afford the corresponding alkynyl propargyl sulfide 14e and alkynyl propargyl selenide 17e, respectively, in moderate yields as shown in Scheme 3. When a benzene solution of sulfide 14e was treated with 2-methylpyrroline (18, 2.3 mol amt.) at refluxing temperature for 12 hours, the desired δ-thiolactam 19e was obtained only in low yield. On the other hand, the yield of 19e was raised up to 47% by heating 14e and 18 in a similar manner in the presence of Yb(OTf) 3 (10 mol%). Furthermore, reaction of alkynyl propargyl selenide 17e with 18 in a similar manner even in the absence of Yb(OTf) 3 also afforded the corresponding δ-selenolactam 20e in 50% yield. These results were summarized in Table 3 . Subsequent conversion of 19e and 20e into 5,8-dioxoindolizidine 23e was carried out by the 2-step procedure mentioned above in the model reactions as summarized in Scheme 4.
The final ring closure of 5,8-dioindolizidine 23e was efficiently achieved by using photochemical reactions by UV irradiation in dichloromethane in the presence of catalytic amount of I 2 to afford 9,14-dioxophenanthroindolizidine 31 in 44% yield [75] [76] [77] [78] [79] [80] [81] [82] [83] as shown in Scheme 5. Especially, the pentacyclic structure of 31 was supported by the characteristic low-field shift of 2 aromatic protons in the 1 H NMR spectrum of 31 in comparison with those of 23e, ie, 8.81 ppm (1H, s) assignable to the C-1 proton located near to the carbonyl group at the C-14 position and 9.41 ppm (1H, dd, J = 9.4 Hz) assignable to the C-8 proton located near to the lactam carbonyl group in the spectrum of 31, along with the disappearance of 2 proton signals of 23e. It is worth noting that the same photoirradiation of 23e in methanol, in place of dichloromethane as the solvent, also gave 31 in 42% yield, and we cannot find any solvent effects for the photochemical cyclization reaction. However, all attempts for the further reduction of 31 using LiAlH 4 , Red-Al, or BH 3 •THF resulted in the formation of complex mixture containing a small amount of uncharacterized products having a hydroxyl group along with the recovery of substrate 31, and the further attempts would be required for the selective reduction of lactam carbonyl functionality of 31.
In conclusion, we found a new synthetic method of phenanthroindolizidine core via hetero Diels-Alder reaction of in situ generated α-allenylchalcogenoketenes with cyclic imines and the subsequent photochemical ring closure. Our hetero Diels-Alder methodology for the regioselective access to functionalized and fused indolizidine cores are highly flexible concerning the substitution patterns, and further applications of our new synthetic protocol to the synthesis of 
Experimental

Instruments
The melting points were determined with a Barnstead International MEL-TEMP. 1 H NMR spectra were recorded on a Bruker DRX-400P (400 MHz) spectrometer or a Bruker AVANCE III 500 (500 MHz) spectrometer, and the chemical shifts of the 1 H NMR spectra are given in δ relative to internal tetramethylsilane (TMS). 13 C NMR spectra were recorded on a Bruker DRX-400P (100 MHz) or a Bruker AVANCE III 500 (126 MHz) spectrometer. 77 Se NMR spectra were recorded on a Bruker DRX-400P (76 MHz) spectrometer. Mass spectra were recorded on a JEOL JMS-700T mass spectrometer with electron-impact ionization at 20 or 70 eV using a direct inlet system. High-resolution mass spectra (HRMS) were also recorded on a JEOL JMS-700T spectrometer. IR spectra were recorded for thin film (neat) or KBr disks on a JASCO FT/IR-7300 spectrometer. Elemental analyses were performed using a Yanagimoto CHN corder MT-5.
A General Procedure for Preparation of Alkynyl
Propargyl Chalcogenides (14, 17) A THF solution of trimethylsilylacetylene was treated with n-butyllithium (1.1 mol amt.) at 0°C for 15 minutes, then with elemental sulfur (1.1 mol amt.) at 0°C for 15 minutes, and then with propargyl bromide (1.0 mol amt.) at room temperature for 1 hour. The reaction was quenched by the addition of water, and the reaction mixture was extracted with benzene. The organic layer was washed twice with water and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain alkynyl propargyl sulfide 14. 
Physical and Spectral Data for Alkynyl Propargyl
A General Procedure for the Synthesis of 2,3-Disubstituted 4-Methylene-2-cyclobutene-1-thiones 15
A hexane solution of alkynyl propargyl sulfide 14 was heated at refluxing temperature for 12 hours. The reaction mixture was then subjected to evaporation in vacuo, and the crude products were purified by column chromatography on silica gel to obtain 2,3-disubstituted 4-methyl-2-cyclobutene-1-thione 15. 
Physical and Spectral Data for 4-Methylene-2-cyclobutene-1-thiones 15
A General Procedure for the Synthesis of 2,3-Disubstituted 4-Methylene-2-cyclobuten-1-ones 16
A dichloromethane solution of 4-methylene-2-cyclobutene-1-thione 15 was treated with mCPBA (1.2 mol amt.) at 0°C for 30 minutes. The reaction was quenched by the addition of saturated aqueous Na 2 SO 3 solution, and the reaction mixture was extracted with dichloromethane. The organic layer was washed with water and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain 4-methylene-2-cyclobuten-1-one 16 as yellow oil. (19, 20) A benzene solution of alkynyl propargyl sulfide 14 was treated with 2-methylpyrroline 18 (1.5 mol amt.) at refluxing temperature for 14 hours. The reaction mixture was then subjected to evaporation in vacuo, and the crude products were purified by column chromatography on silica gel to obtain δ-thiolactam 19 as yellow needles. (19, 20) 
Physical and Spectral Data for 4-
A Typical Procedure for the Synthesis of δ-Chalcogenolactams
Physical and Spectral Data for δ-Chalcogenolactams
Conversion of δ-Thiolactam 19c Into δ-Lactam 22c
An aqueous dioxane solution (dioxane:H 2 O = 4:1) of δ-thiolactam 19c (300 mg, 0.92 mmol) was treated with NaIO 4 (790 mg, 4.0 mol amt.) at 0°C and then the reaction mixture was treated with an aqueous OsO 4 solution (c = 1 mg/1 mL) (4.7 mL, 2.0 mol%) at room temperature for 20 hours. Then, the reaction mixture was extracted with diethyl ether. The organic layer was washed with an aqueous Na 2 S 2 O 3 solution and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo to obtain the crude mixture of 21 as brown oil. An aqueous dioxane solution (dioxane:H 2 O = 1:1) of the crude mixture of 21 was then treated with H 5 IO 6 (419 mg, 2.0 mol amt.) at room temperature for 2 hours, and the reaction mixture was extracted with diethyl ether. The organic layer was washed with an aqueous Na 2 S 2 O 3 solution and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain the corresponding δ-lactam 22c (198 mg, 69% yield) as yellow needles. 
Physical and Spectral Data for δ-Lactam 22c
Desilylation of δ-Lactam 22c
A methanol solution of δ-lactam 22c (144 mg, 0.46 mmol) was treated with anhydrous K 2 CO 3 powder (121 mg, 2.0 mol amt.) at refluxing temperature for 5 hours. The reaction mixture was then cooled to room temperature, and the solvent was removed by evaporation. The residual crude products were subjected to chromatography on silica gel to obtain 5,8-dioxoindolizidine 23 (95 mg, 86% yield) as yellow oil. 
Physical and Spectral Data for 5,8-Dioxoindolizidine 23c
Preparation of Biphenyl Derivative 27
A THF solution of 3-bromoanisole was treated with n-butyllithium (1.2 mol amt.) at −78°C for 30 minutes, and the reaction mixture was treated with B(OCH 3 ) 3 (1.2 mol amt.) at −78°C for 1 hour and then at room temperature for 2 hours. The reaction was quenched by the addition of aqueous 1 M HCl solution, and the reaction mixture was extracted with diethyl ether. The organic layer was washed with water and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were washed with hexane to obtain boronic acid 26 as colorless needles (822 mg, quantitative yield). Subsequently, a N,N-dimethylformamide (DMF) solution of 2-bromo-4,5-dimethoxybenzaldehyde (25) was treated with boronic acid 26 (1.2 mol amt.), triphenylphosphine (20 mol%), Pd(OAc) 2 (10 mol%), and triethylamine (excess) at 110°C for 5 hours. After removal of DMF by evaporation, the residual mixture was extracted with chloroform. The organic layer was washed twice with water and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain biphenyl aldehyde 27 as yellow solids. 
Physical and Spectral Data for Biphenyl Aldehyde 27
Conversion of Biphenyl Aldehyde 27 Into 1,1-Dibromoalkene 28
A dichloromethane solution of biphenyl aldehyde 27 (2.840 g, 10.4 mmol) was treated with triphenylphosphine (5.472 g, 2.0 mol amt.) and carbon tetrabromide (6.918 g, 2.0 mol amt.) at refluxing temperature for 10 hours. The reaction mixture was then cooled to room temperature, and the reaction was quenched by the addition of saturated aqueous NaHCO 3 solution to the reaction mixture. The reaction mixture was extracted with chloroform, and the organic layer was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain 1,1-dibromoalkene 28 (4.110 g, 92% yield) as yellow needles. 
Physical and Spectral Data for 1,1-Dibromoalkene 28
Conversion of 1,1-Dibromoalkene 28 Into Propargyl Alcohol 29
A THF solution of 1,1-dibromoalkene 28 (3.719 g, 8.69 mmol) was treated with n-butyllithium (11.0 mL, 2.0 mol amt.) at −78°C for 30 minutes, and subsequently, the reaction mixture was treated with paraformaldehyde (260 mg, 1.0 mol amt.) at room temperature for 15 hours and then at refluxing temperature for 1 hour. The reaction was quenched by the addition of water at room temperature. The reaction mixture was extracted with chloroform, and the organic layer was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain propargyl alcohol 29 (1.788 g, 69% yield) as yellow oil. 
Physical and Spectral Data for Propargyl Alcohol 29
Conversion of Propargyl Alcohol 29 Into Propargyl Chloride 30
A CCl 4 solution (excess) of propargyl alcohol 29 (1.311 g, 4.39 mmol) was treated with triphenylphosphine (1.267 g, 1.1 mol amt.) at refluxing temperature for 14 hours and then the reaction mixture was cooled to room temperature. The reaction mixture was subjected to suction filtration through a silica gel layer, and the residual solids were washed with a 3:1 mixture of hexane and ethyl acetate. The organic solvents were removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain propargyl chloride 30 (1.159 g, 82% yield) as yellow needles. 
Physical and Spectral Data for Propargyl Chloride 30
;
A Typical Procedure for Preparation of Alkynyl Propargyl Chalcogenides (14e, 17e)
A THF solution of trimethylsilylacetylene (930 mg, 2.0 mol amt.) was treated with n-butyllithium (7.0 mL, 2.1 mol amt.) at 0°C for 30 minutes, then with elemental selenium (748 mg, 2.0 mol amt.) at 0°C for 15 minutes, and then with propargyl chloride 30 (1.500 g, 4.74 mmol) at room temperature for 30 minutes. The reaction was quenched by the addition of water, and the reaction mixture was extracted with benzene. The organic layer was washed twice with water and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain alkynyl propargyl selenide 17e (910 mg, 42% yield) as orange oil. 
Physical and Spectral Data for 14e and 17e
14e (X = S, R 1 = (CH 3 ) 3 Si, R 2 = 2-(3-methoxyphenyl)−4,5-dimethoxyphenyl):
A Typical Procedure for the Synthesis of δ-Chalcogenolactams (19e, 20e)
A benzene solution of alkynyl propargyl selenide 17e (328 mg, 0.72 mmol) was treated with 2-methylpyrroline 18 (2.0 mol amt.) at refluxing temperature for 20 hours. The reaction mixture was then subjected to evaporation in vacuo, and the crude products were purified by column chromatography on silica gel to obtain δ-selenolactam 20e (194 mg, 50% yield) as yellow needles.
Synthesis of δ-Thiolactam 19e by Thermal Reaction of 14e in the Presence of Yb(OTf) 3
A dichloromethane solution of alkynyl propargyl sulfide 14e (4.791 g, 11.7 mmol) was treated with 2-methylpyrroline (18, 2.910 g, 1.0 mol amt.) and Yb(OTf) 3 (940 mg, 10 mol%) at refluxing temperature for 12 hours. The reaction mixture was then subjected to evaporation in vacuo, and the crude products were purified by column chromatography on silica gel to obtain δ-thiolactam 19e (2.708 g, 47% yield) as yellow needles. 
Physical and Spectral Data for 19e and 20e
19e (X = S, R 1 = (CH 3 ) 3 Si, R 2 = 2-(3-methoxyphenyl)−4,5-dimethoxyphenyl):
A Typical Procedure for the Conversion of δ-Chalcogenolactams (19e, 20e) Into δ-Lactam 22e
An aqueous dioxane solution (dioxane:H 2 O = 4:1) of δ-selenolactam 20e (100 mg, 0.18 mmol) was treated with NaIO 4 (158 mg, 4.0 mol amt.) at 0°C and then the reaction mixture was treated with an aqueous OsO 4 solution (c = 1 mg/1 mL) (0.9 mL, 2.0 mol%) at room temperature for 21 hours. Then, the reaction mixture was extracted with diethyl ether. The organic layer was washed with an aqueous Na 2 S 2 O 3 solution and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo to obtain the crude mixture of 21 as brown oil. An aqueous dioxane solution (dioxane:H 2 O = 1:1) of the crude mixture of 21 was then treated with H 5 IO 6 (84 mg, 2.0 mol amt.) at room temperature for 4 hours, and the reaction mixture was extracted with diethyl ether. The organic layer was washed with an aqueous Na 2 S 2 O 3 solution and was dried over anhydrous Na 2 SO 4 powder. The organic solvent was removed in vacuo, and the residual crude products were subjected to column chromatography on silica gel to obtain δ-lactam 22e (89 mg, quantitative yield) as yellow needles. 
Physical and Spectral Data for δ-Lactam 22e
Desilylation of δ-Lactam 22e
A methanol solution of δ-lactam 22e (701 mg, 1.46 mmol) was treated with anhydrous K 2 CO 3 powder (391 mg, 2.0 mol amt.) at refluxing temperature for 13 hours. The reaction mixture was then cooled to room temperature, and the solvent was removed by evaporation. The residual crude products were subjected to chromatography on silica gel to obtain 5,8-dioxoindolizidine 23e (399 mg, 67% yield) as yellow needles. 
Physical and Spectral Data for 5,8-Dioxoindolizidine 23e
Synthesis of 9,14-Dioxophenanthroindolizidine 31 by Iodine-Assisted Photochemical Cyclization of 5,8-Dioxoindolizidine 23e
A dichloromethane or a methanol solution of 5,8-dioxoindolizidine 23e (354 mg, 0.836 mmol) and iodine (10 mg) in a Pyrex test tube was subjected to photoirradiation using a high-pressure Hg lamp at room temperature for 72 hours. The reaction mixture was then subjected to evaporation in vacuo, and the crude products were purified by column chromatography on silica gel to obtain 9,14-dioxophenanthroindolizidine 31 (155 mg, 44% yield) as pale yellow needles. 
Physical and Spectral
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